Neurons transmit information through electrical signals generated by voltage-gated ion channels. These channels consist of a large superfamily of proteins that form channels selective for potassium, sodium, or calcium ions. In this review we focus on the molecular mechanisms by which these channels convert changes in membrane voltage into the opening and closing of "gates" that turn ion conductance on and off. An explosion of new studies in the last year, including the first X-ray crystal structure of a mammalian voltagegated potassium channel, has led to radically different interpretations of the structure and molecular motion of the voltage sensor. The interpretations are as distinct as the techniques employed for the studies: crystallography, fluorescence, accessibility analysis, and electrophysiology. We discuss the likely causes of the discrepant results in an attempt to identify the missing information that will help resolve the controversy and reveal the mechanism by which a voltage sensor controls the channel's gates. 
INTRODUCTION
The action potential, the secretion of hormones and neurotransmitters, the heart beat, the reaction of an egg that prevents fertilization by multiple sperm, the contraction of skeletal muscle, and the control of transpiration from the leaves of a plant are diverse biological phenomena that have at least one thing in common: They are all mediated by voltagegated ion channels. These channels respond to changes in the gradient of voltage across the membrane by opening and closing an ion conductance pathway across the membrane.
They "gate" rapidly, within one or a few milliseconds, and when open they selectively conduct specific ions. The coordinate function of these channels produces signals (∼one-tenth of a volt) in remarkably brief spurts (as short as one millisecond) that can repeat at very high rates (up to 1000 per sec) and travel rapidly (∼100 meters per sec), even in extremely thin (∼1-micron-diameter) processes, for long distances (meters) without decrement. Remarkable. How do they do it? We review here the molecular properties of these channels, focusing mainly on voltage-gated potassium (Kv) channels, which have been the objects of the most extensive investigation in this area and have had a veritable explosion of progress in the past year.
Kv channels are made of four subunits, each containing six transmembrane segments that are named S1 through S6 (Figure 1a,b) . Helices S5 and S6 of the four subunits, as well as the P-helix and the loop that connects the helices, assemble together to form a central pore domain, which contains the channel's K + -selective pathway and gates. Four voltagesensing domains (VSDs), each made of helices S1-S4, surround the pore domain and control its gates. Subtype-selective assembly of the channel-forming subunits is controlled by an intracellular N-terminal tetramerization domain (T1) (Figure 1a ,b, green), which also serves as a scaffold to bind accessory β subunits (Kvβs). Instead of four separate subunits, voltage-gated sodium (Nav) and calcium (Cav) channels have four covalently connected domains; each domain has a secondary structure similar to that of a single subunit of a potassium channel. Nav and Cav channels are evolutionarily related to each other and to Kv channels (Yu & Catterall 2004) . Bacterial voltage-gated sodium channels are closely related to both eukaryotic Cav and Nav channels, but they are made of four independent subunits, like potassium channels (Koishi et al. 2004 , Ren et al. 2001 .
The ion-conducting pathway of voltagegated channels allows permeation at a high rate, on the order of 10 6 -10 8 ions per second, and can discriminate between ions with remarkable efficiency. Potassium channels, for example, have a permeability ratio for K + over Na + of >100:1, and calcium channels select for Ca 2+ over Na + with a ratio of >1000:1. Much progress has been recently made in understanding the mechanism underlying ion permeation in potassium channels. MacKinnon (2003) , Armstrong (2003) , and Roux (2005) provide recent reviews on permeation and selectivity of potassium channels. French & Zamponi (2005) , Sather & McCleskey (2003) , and Yu & Catterall (2003) recently reviewed ion conduction in calcium and sodium channels, and Gouaux & MacKinnon (2005) reviewed general principles of ion transport by channels and pumps.
The process by which the ion-conducting pathway of voltage-gated channels opens in response to changes in membrane potential is called activation; it is the subject of the present review. The activation gate, i.e., the element that physically opens and closes the transmembrane ion conduction pathway, is discussed first. Then, the mechanism by which voltage-gated channels detect changes in membrane potential and control their activation gate is discussed in the context of the recent crystal structure of the Kv1.2 channel. The last section of this review deals with the interaction between Kv channels and the membrane lipid.
THE ACTIVATION GATE
The pore domain of a voltage-gated ion channel contains the permeation pathway, which is opened and closed by two distinct molecular gates: the activation and slow inactivation gates. We focus here on the activation gate. In most voltage-gated channels at resting potential (∼−70 mV in neurons), the activation gate is closed, and membrane depolarization causes a conformational change in the VSDs that is transmitted to the pore domain and results in opening of the gate. It has been estimated that the conductance of a single Shaker channel drops at least 10 5 times, going from the open to the closed state (SolerLlavina et al. 2003) and that the probability for a Shaker channel to be in the open state in resting conditions is lower than 10 −9 (Islas & Sigworth 1999) . This indicates that the block of ion flow by the gate can be extremely effective.
Where Is the Gate Located?
The first indication of the existence of a gate on the intracellular side of the membrane came from the seminal experiments of Armstrong (1966 Armstrong ( , 1969 Armstrong ( , 1971 , in which the voltage-dependent potassium current of the giant squid axon was blocked by quaternary ammonium (QA) ions applied to the axoplasm. Armstrong found that the blocking ions reached their binding site within the membrane only after the gate was opened by depolarization. The gate was shown to open less readily when the QA ions were bound. Armstrong also found that, after binding, the gate could be closed by strong hyperpolarization fast enough to trap the blocking ions in the conductive pathway inside the membrane.
Further evidence for the intracellular location of the activation gate came from studies on N-type inactivation in A-type (fast inactivating) potassium channels. Fast inactivation involves the binding of the N-terminal domain, also referred to as the ball, to its receptor on the intracellular side of the channel (Hoshi et al. 1990 , Iverson & Rudy 1990 , Zagotta et al. 1990 . As with internal QA ions, the N-terminal ball binds to the pore only when the activation gate is open and acts via a "foot-in-the-door" mechanism, making it harder, or impossible, for the gate to close while it is bound (Demo & Yellen 1991) . Thus, the activation gate appears to be located on the intracellular mouth of the ion-conducting pore.
Which Parts of the Protein Form the Gate? Choi et al. (1993) reported that mutations in the S6 helix alter the internal binding of QA ions to the pore domain. Lopez et al. (1994) produced a chimeric channel by transplanting the S6 helix of NGK2 into Shaker and found that the chimera had single-channel conductance and sensitivity to internal tetraethyl ammonium (TEA), similar to NGK2. These findings indicated that the S6 region lines the ion-conducting pathway of voltage-gated channels, making it a good candidate to be part of the activation gate. Liu et al. (1997) found a series of positions in the Shaker S6 region that, when mutated to cysteine, reacted rapidly with positively charged methanethiosulfonate (MTS) reagents in the open state, but not in the closed state. Some of these positions could be protected from chemical modification by the presence of an intracellular QA blocker. These researchers also found a cysteine mutation in S6 (V476C) that prevented the channel from closing at negative voltages when Cd 2+ was applied intracellularly. The remarkable effect of Cd 2+ on Shaker V476C was later shown to be due to the formation of bridges between the introduced cysteine in one subunit and the native histidine H486 in another subunit; these bridges trap the gate in the Comparison of pore domains from three different potassium channels in the open conformation. Only pore-forming helices from two subunits are shown. S5 (TM1) and the P-helix are shown in gray; the GYG motif in the selectivity filter, in green; and the S6 helix and part of the pore loop, in blue. In the bacterial channels MthK and KvAP, the S6 (TM2) bundle opens at a glycine hinge (red ). In the eukaryotic Kv1.2, the hinge in S6 corresponds to the PVP motif (red ). The gray background represents the membrane. Coordinates from Jiang et al. (2002 Jiang et al. ( , 2003a and Long et al. (2005a). open conformation (del Camino et al. 2000 , Holmgren et al. 1998 . These findings strongly suggested that the S6 region forms the activation gate.
The crystal structure of the bacterial potassium channel KcsA (Doyle et al. 1998 ) provided detailed information about the position and nature of the activation gate, complementing what was known from the functional studies mentioned above for the identification of the internal receptor for QA ions and for the N-terminal inactivation domain (Zhou et al. 2001) . The comparison of structural data from bacterial potassium channels trapped in the open conformation, MthK and KvAP ( Jiang et al. 2002 ( Jiang et al. , 2003a Zhou et al. 2001) , and channels trapped in the closed conformation, KcsA and K ir Bac1.1 (Doyle et al. 1998 , Kuo et al. 2003 , revealed a possible motion that the S6 helices may undergo to open the gate.
In KcsA, the second transmembrane helices (TM2s), corresponding to S6 helices in Kv channels, form a bundle that occludes the ion conduction pathway on the intracellular side of the membrane. The TM2 helices have an inverted teepee-like arrangement, and a large aqueous cavity resides between the intracellular bundle crossing of the TM2s and the selectivity filter that is located in the extracellular half of the membrane. QA ions can be trapped in the cavity (Zhou et al. 2001) . The TM2s occlude the conduction pathway of K ir Bac1.1, shutting the access pathway between the cytoplasm and the cavity even tighter than in KcsA (Kuo et al. 2003) . In MthK and KvAP the bundle of helices appears to have swung open at a glycine in TM2, which is proposed to serve as a gating hinge (Figure 2 ; Jiang et al. 2002 Jiang et al. , 2003a . The glycine is conserved in bacterial potassium channels as well as in eukaryotic Kvs (G83 in MthK, G99 in KcsA, G220 in KvAP, G466 in Shaker) . The opening of KcsA at the glycine hinge is supported by the accessibility study of Kelly & Gross (2003) . However, the spectroscopic study from Liu et al. (2001) supports a position for the hinge approximately two helical turns downstream of Gly99. The reason for this difference is not clear, but it may be an indication that in KcsA the bending of the TM2s is more gentle than in MthK and instead resembles the bending found in the open KvAP (Figure 2) .
Bending of the TM2s and S6 helix at a glycine hinge may well explain gating in bacterial potassium channels, but it does not explain gating of eukaryotic Kv channels like Shaker. The S6 helix of many eukaryotic Kv channels has a PXP motif (with X = V in Shaker and Kv1.2). This motif is not present in bacterial channels. In a study on a Shaker mutant in which the valine of the PVP motif was substituted with cysteine (V474C) and another cysteine was introduced at position 476, Webster et al. (2004) elegantly showed that when the activation gate is in the open conformation, internal Cd 2+ ions can be concurrently coordinated between V474Cs of different subunits and between V476C in one subunit and H486 in a neighboring subunit. This finding is incompatible with opening at the glycine hinge, which would bring the cysteines in position 474 of the four subunits too far away from each other to be able to coordinate cadmium. Opening at a glycine hinge would also result in a distance between H486 and C476C on adjacent subunits incompatible with Cd 2+ cross-bridging. The finding of Webster et al. (2004) combined with earlier evidence from other accessibility studies (del Camino et al. 2000 , del Camino & Yellen 2001 , Holmgren et al. 1998 , Liu et al. 1997 call for opening of the S6 bundle at the PVP motif of Shaker and similar eukaryotic Kv channels.
The crystal structure of the rat Kv1.2 (Long et al. 2005a,b) shows that the S6 activation gate is open because of a bend at the PVP motif (between positions 473 and 475 in Shaker). This wonderful agreement between the probing analysis on functional channels and the crystal structure finally makes it possible to say that, after almost 40 years since Armstrong's first study of potassium current block by internal QA ions in the squid giant axon, the nature of the activation gate of Kv channels is no longer a mystery. The general solution to the problem of opening the gate is to bend the inner TM2/S6 helix, and this can occur at either a glycine or a proline motif.
But how is the activation gate controlled by the four VSDs surrounding the pore domain? The recent crystal structure of the rat Kv1.2 (Long et al. 2005a) provides new information about the organization of the VSD around the pore and about the connection between S4 and the pore helices that, in combination with earlier functional analysis, enables us to get at this question.
VSD ORGANIZATION AROUND THE PORE DOMAIN
The crystal structure of Kv1.2 shows an unexpected position of the four VSDs around the pore. The VSDs are located at the corners of the square-shaped pore domain (Figure 1c) , and their interaction surface with the pore is rather small (Figure 1b,c) . As a result, a large portion of their perimeter is expected to face lipid. Based on these findings, Long et al. (2005a) suggested that the VSDs keep their position at the periphery of the channel floating in the membrane and that they only weakly interact with the pore domain. This property of VSDs may enable them to function as independent transmembrane domains, which may be transplanted onto other proteins to confer voltage sensitivity (Long et al. 2005b , Lu et al. 2002 . Indeed, a recently discovered phosphatase, which has an intracellular enzymatic domain connected to a VSD homolog, has a gating current and is voltage dependent (Murata et al. 2005) . The existence of voltage-gated proton channels containing a VSD without a pore domain has been also reported (Ramsey et al. 2006 , Sasaki et al. 2006 . However, that the interactions between VSD and pore domain are not spread over a large surface does not rule out functional importance. Li-Smerin et al. (2000) , using perturbation-scanning mutagenesis (systematically substituted tryptophan) in Shaker, found that some positions have a low impact on function (i.e., they likely face water or lipid) and that others have a high impact (i.e., they likely lie at a protein-protein interface). In the Kv1.2 crystal structure, part of the high-impact positions in S5 and the pore helix turn out to face the VSD, whereas highimpact positions in S4 (Ledwell & Aldrich 1999 , Pathak et al. 2005 ) turn out to face S5. In addition, Lai et al. (2005) recently obtained evidence, from mutant suppression analysis, for a specific interaction between S4 and S5 in the hyperpolarization-activated KAT1 potassium channel, whose VSD is homologous to that of depolarization-activated Kv channels. Thus, a VSD can operate as an independent entity floating in the membrane and, in Kv channels, has a small interaction surface with the pore domain, but the interaction is important and specific, and its strength remains to be determined.
In the original crystal structure of KvAP ( Jiang et al. 2003a) , the VSD in the full-length channel was almost entirely out of contact with the pore domain and was in a conformation very different from that which was deduced from probing analysis on functional channels and from the structure of Kv1.2. KvAP was crystallized in complex with an antibody Fab fragment. It was speculated that the crystal packing forces of the Fab fragment bound to the VSD may have been responsible for trapping the channel in this unusual conformation. However, a new structure of KvAP in absence of antibody showed a similar conformation, suggesting that this conformation is actually favored in the absence of a membrane (Lee et al. 2005) . The loss of native structure in KvAP lacking the surrounding membrane was interpreted by MacKinnon and colleagues to support the notion that the VSD is loosely attached to the pore domain (Lee et al. 2005 ). This conclusion rests on the assumption that the stabilizing effect of the membrane is weak (if it were strong, strong interactions between VSD and pore domain also could be seriously perturbed by the removal of the membrane). At present it is not clear if this assumption has general applicability. The painfully low rate of success of structural efforts in membrane proteins may suggest that in general the membrane provides a strong stabilization of native structure.
In the Kv1.2 structure, the VSD of one subunit contacts the pore-forming helices of the neighboring subunit. This does not come as a surprise, as Laine et al. (2003) and Neale et al. (2003) have shown that the extracellular ends of S4 and S5 of adjacent subunits are close to each other. The real surprise is how the VSDs are wrapped around the pore domain. The crystal structure of Kv1.2 shows that the S4-S5 linker of one subunit runs underneath the neighboring subunit to connect S1-S4 of the VSD to S5-S6. This arrangement, which is in agreement with an earlier tryptophan-scanning mutagenesis study on the Shaker pore domain (Li-Smerin et al. 2000) , allows the entire VSD of one subunit to stand next to the pore helices of the neighboring subunit (Figure 1c,d ) and provides a substrate for cooperative interactions between subunits, as we discuss below. Among the VSD helices of Kv1.2, S4 is the closest to the pore domain, as previous cross-linking studies on functioning Shaker channels have found (Broomand et al. 2003 , Gandhi et al. 2003 , Laine et al. 2003 , Neale et al. 2003 .
Exposure to lipid of S2 (see Figure 8 , below) is in agreement with the study by Monks et al. (1999) , which examined the perturbations caused by tryptophan-scanning mutagenesis of the Shaker S2. Similar mutagenesis studies were also performed on S1 and S3 (Hong & Miller 2000) . In the Kv1.2 structure the side chains of these two VSD segments are not resolved, making the register of the helices uncertain. However, the results from Hong and Miller may well be used to define the right register of S1 and S3.
GATING CHARGE MOVEMENT
To make the opening of the activation gate voltage dependent, the gate must be controlled by a molecular sensor that detects the transmembrane potential in real time. This molecular sensor must contain charges, located in the membrane electric field, that change their position when the field changes, as originally proposed by Hodgkin & Huxley (1952) . It is now well appreciated that these charges, called gating charges, reside in the VSDs of voltage-gated channels. The S4 helix in each VSD contains four to eight positively charged residues, mostly arginines, located at every third position. The S4 charges are responsible for most of the gating charge www.annualreviews.org • Voltage-Induced Channel Activationmovement during activation. Several authors have reviewed gating charge movement in voltage-gated ion channels and the contribution of the S4 positively charged residues to the total gating charge (e.g., Bezanilla 2000 Bezanilla , 2005 Gandhi & Isacoff 2002; Sigworth 1994; Swartz 2004; Yellen 1998) .
When the gating charges move across the membrane electric field, as a result of a change in the applied membrane voltage, they generate an electric current called the gating current. The gating current is roughly two orders of magnitude smaller than the ionic current flowing through the open channel, and it is transient. It can be measured only when the number of channels in the membrane is high and when both the ionic current through the pore and the capacitive current required to charge and discharge the membrane are reduced or eliminated (Bezanilla & Stefani 1998) .
Gating currents are a very useful readout of voltage-sensor movement in the membrane electric field and have played a key role in the development of kinetic models of activation (Schoppa & Sigworth 1998c , Zagotta et al. 1994a ). The total amount of charges moved by the voltage sensors of several voltage-gated channels has been determined from measures of the gating currents. For example, a charge of ∼13 e 0 per channel moved during activation of the Shaker channel (Aggarwal & MacKinnon 1996 , Schoppa et al. 1992 , Seoh et al. 1996 ; each of the four VSDs contributed ∼3.2 e 0 .
VOLTAGE-SENSING ARGININES
Structural studies on KvAP suggested that the first four arginines of S4, the most important ones for voltage sensing (Aggarwal & MacKinnon 1996 , Seoh et al. 1996 , face the hydrophobic core of the lipid bilayer ( Jiang et al. 2003b ). This idea was appealing because it could provide for unhindered motion through a greased surrounding to mediate fast voltage sensing. The puzzle was that earlier evidence had shown that S4 and gating charge have discrete stopping places along the in-out pathway (Baker et al. 1998 , Schoppa & Sigworth 1998c , and moreover, it was debated whether charged arginines could be located in the hydrophobic core of the bilayer (Freites et al. 2005 , Grabe et al. 2004 , Hessa et al. 2005 , Monticelli et al. 2004 , Parsegian 1969 . Functional studies on Shaker in cell membranes (discussed in Ahern & Horn 2004b , Bezanilla 2005 ) and spectroscopic studies on KvAP in liposomes (Cuello et al. 2004) argued that S4 arginines face a polar protein crevice.
As discussed in more detail below, replacement of certain S4 arginines with smaller amino acids was found to make the VSDs permeable to protons (Starace & Bezanilla 2001 , 2004 or metal ions (Sokolov et al. 2005 , Tombola et al. 2005b ) in a manner incompatible with a location in lipid but compatible with a protein polar crevice. The exact position of the positively charged residues in the S4 helix was found to be essential for voltage sensing (Ahern & Horn 2004a) , suggesting that the S4 arginines are specifically oriented within the protein. In addition, some of the S4 arginines were shown to interact with negatively charged residues in other VSD helices (Papazian et al. 1995 , Tiwari-Woodruff et al. 2000 .
In the Kv1.2 structure, some of the side chains in the VSD, including the first four voltage-sensing arginines (R1-R4), presented weak electron density, but their approximate positions were deduced (Figure 3) . For R1 what is thought to be the guanidinium group is visible. It would be located at the lipidaqueous interface if the channel were surrounded by membrane. R2 is in an intermediate position, between where lipid and the pore-forming S5 helix would be. R3 is the best-resolved S4 arginine; faces S1, S2, and S3; and electrostatically interacts with negatively charged residues, including the conserved glutamate 226 (position 283 in Shaker) in S2. R4 is not visible, but its position on the backbone was deduced from the location of its neighbors. Like R3, R4 seems to face other VSD helices. Thus, three out of four arginines are likely to be in a hydrophilic environment, and R2 is at the lipid-protein interface, with its charged guanidinium situated in an environment that will strongly depend on the exact orientation of the side chain. In the Shaker channel in the activated conformation (i.e., in a conformation likely similar to that of Kv1.2 in the crystal), cysteines replacing the first two S4 arginines can readily react with charged MTS reagents added to the extracellular side of the membrane, indicating that R1 and R2 are located in a hydrophilic environment in contact with the extracellular solution (Larsson et al. 1996) .
Recent molecular dynamics simulations (Freites et al. 2005 ) on a helix similar to the N-terminal part of the S4 segment immersed in a lipid membrane suggest that the four arginines facing lipid may alter the bilayer's local structure to ensure that each guanidinium group is salt bridged by a negatively charged phosphate group from a lipid molecule. This, combined with intrusion of water in the proximity of the salt-bridged arginines, may minimize the contact of the charged stripe of arginines with the membrane's hydrophobic core. Although it is interesting to see that the bare S4 segment can stay in a stable position within the membrane for the simulated 8 ns, it is not clear what would happen over a time comparable with the timescale of gating charge movement, which is in the millisecond range. In the crystal structure of Kv1.2, only a portion of S4 is exposed to lipid, and the helix is significantly far from the position perpendicular to the membrane plane considered in the simulations; nevertheless, the findings of Freites and colleagues support the notion that R2 may be stabilized at the protein-lipid interface by salt bridging a lipid phosphate group.
MODELS OF VOLTAGE SENSING
The arginines that constitute the gating charge have been known since the mid-to late 1990s, yet it has been difficult to deter-
Figure 3
The structural organization of the Kv1.2 VSD, shown with a top view (extracellular perspective). Helices from two adjacent subunits are shown in two different colors: Pore-forming helices of one subunit are blue, and the VSD of the other subunit is red. The side chains of the first four S4 arginines, R1-R4, and the S2 glutamate in position 226 (283 in Shaker) are displayed in the space-filling CPK scheme. The side chains of R4 and E226 were created by Swiss-Pdb viewer on the basis of partial crystallographic coordinates. Complete coordinates are not available for these two residues (see discussion regarding R4 in text).
FRET: Förster resonance energy transfer mine their movement in three-dimensional space. The only electrically measurable component of voltage-sensor motion within the membrane is that associated with charge movement along the electric field. Although electric potential drops pretty much linearly across a lipid bilayer, inhomogeneity in dielectric in the protein and at the lipid-protein interface can result in distortions near the voltage sensor, where the field may be locally focused and its direction may not be perpendicular to the membrane. To characterize the motion of the voltage sensor associated with gating charge displacement, a host of different techniques have been used. These techniques include electrophysiological recordings, scanning mutagenesis, site-specific accessibility studies, cross-linking, fluorometric techniques employing environment-sensitive dyes, and distance measurements using FRET. Models of voltage sensing. Red cylinders represent S4 unless otherwise indicated. Protein surrounding S4 is colored gray. Lipid is colored green. The first four S4 arginines are represented as blue spheres when they are in the foreground; when they are behind the cylinder, they are shown as empty circles. To keep drawings simple, in some of the models the arginines are arranged on the same face of the S4 helix. In each model, the S4 resting position is shown on the left, and the activated position on the right. The extent of S4 transmembrane motion involved is reported on the side of each model. In the helical screw and moving orifice models, the thickness of the septum separating extracellular and intracellular crevices/vestibules is the one reported in Baker et al. (1998) . An alternative thickness of the septum (Yang et al. 1996 ) is shown as a dotted line. The extent of S4 transmembrane movement indicated for the helical screw model ranges from ∼5Å to ∼13Å because, depending on the tilt of the helix, a 13Å movement of S4 along the axis of the helix can have a smaller transmembrane component (see Figure 6e) . shows the basic conceptual models that have been proposed to describe the movement of the voltage sensor during activation.
Transporter Model
According to the transporter model (Bezanilla 2002 (Bezanilla , 2005 Chanda et al. 2005; Starace & Bezanilla 2004) , in the resting state the S4 charges are located in a crevice in contact with the intracellular solution. During activation the charges move into another crevice, this time in contact with the extracellular solution. Tilt change and rotation of S4 as well as crevice reshaping allow the charges to move from one crevice to the other (Figure 4 ). In the resting state the membrane potential drops to the largest extent across the septum around R1, separating the intracellular crevice from the extracellular solution. In the activated state the membrane potential drops across the septum around R4. The transporter model involves a very small transmembrane movement of S4 (2-3Å), and thus it is an evolved version of two previous models of charge translocation, "rotation in place" (Cha et al. 1999 ) and "moving orifice" (Yang et al. 1996) , in which S4 does not move across the membrane (Figure 4 ).
Helical Screw Model
In the helical screw model, the S4 helix rotates and, at the same time, translates along its axis upon depolarization to move the gating charges across the transmembrane electric field. As a result, the S4 charges change their exposure from the intracellular to the extracellular solution. The extents of rotation and translation both vary in different versions of the helical screw model. In the version that Guy & Seetharamulu (1986) and Catterall (1986) originally forwarded, S4 was proposed to rotate 60
• and move 4.5-5Å toward the extracellular side of the membrane during activation. If rotation accompanies translation, a changing subset of the arginines can always form salt bridges with fixed negatively charged residues in other VSD helices. The model has changed over time to account for evidence obtained by a large number of studies (recently discussed in Ahern & Horn 2004b , Gandhi & Isacoff 2002 , Keynes & Elinder 1999 , and Lecar et al. 2003 . In the version of the helical screw model represented in Figure 4 , the S4 charges move ∼13Å along the axis of the helix (to account for the observed solution exposure change) and rotate 180
• (deduced both from the FRET analysis and from the pitch of the helix's "threads," which include the S4 arginines at every third position that slowly wind like the stripes of a barbershop poll along the helix). S4 was originally proposed to move through a gating pore [also referred to as S4 channel, gating canal, or canaliculus (Goldstein 1996 , Yang et al. 1996 ] made of both VSD helices and pore helices and completely surrounding S4 to insulate it from the lipid. In the version of the model shown in Figure 4 , the gating pore has been substituted by an omega pore, as discussed in detail below, and S4 is tilted to assume a position across the membrane more similar to the one the helix has in the Kv1.2 crystal structure.
Paddle Model
According to the paddle model, inspired by the crystal structure of the bacterial channel KvAP ( Jiang et al. 2003a,b) , S4 and the most extracellular part of S3 (S3b) form a helical hairpin, or paddle, that moves across the membrane as a unit. In the resting state, S4 is located deep in the membrane, not far from the interface with the intracellular solution, and S3 is positioned on top of S4. Upon depolarization, S4 and S3 translocate to the outer membrane surface. The net transmembrane movement of the paddle voltage sensor is 15-20Å (Ruta et al. 2005) . The fundamental characteristic that differentiates the paddle model from both the transporter and helical screw models is that the S4 arginines are directly exposed to lipid in both resting and activated states, whereas in the other models they move enclosed in a protein environment. Although an earlier model of full translocation shown in Figure 4 (Aggarwal & MacKinnon 1996) cannot be considered a precursor of the paddle model because it involves S4 partial uncoiling, in this early model, as in the paddle model, the S4 arginines are directly exposed to lipid. In the eukaryotic Kv1.2, the entire S3 helix has been proposed to be part of the paddle (Long et al. 2005b ).
In the transporter, helical screw, and paddle models, none of the first four charged residues in S4 fully translocates across the entire membrane hydrophobic core, which is thought to be ∼30-32Å thick. Because two of the residues (R2 and R3) must move across the entire electric field to account for two of the ∼3.2 gating charges per subunit, all three models require some focusing of the electric field acting on S4. What varies between the models is the extent of focusing. Focusing is very strong in the transporter model, intermediate in the helical screw model, and mild in the paddle model. Evidence that S4 is, at least partially, in contact with lipid has been accumulating over time (Cuello et al. 2004 , Elinder et al. 2001 , Jiang et al. 2003b , Lee et al. 2005 , Lee & MacKinnon 2004 , Li-Smerin et al. 2000 , Long et al. 2005a , Schonherr et al. 2002 and has led this feature to be incorporated into all three models (lipid is shown in green in Figure 4 ). There is a difference, though, in the extent of lipid exposure in the three models. The transporter and helical screw models accept exposure to lipid of roughly one-third of the S4 circumference, pointing the buried arginines into a polar protein environment, whereas in the paddle model most of the S3/S4 hairpin is in contact with lipid, including the arginines.
Are We Ready for a Unified Model?
Since the crystal structure of KvAP was solved ( Jiang et al. 2003a) , several different models of voltage-sensor movement, compatible with either the transporter, helical screw or paddle model, have been proposed on the basis of the structure of the VSD of KvAP docked in different ways onto the pore domain (Broomand et al. 2003 , Chanda et al. 2005 , Elliott et al. 2004 , Gandhi et al. 2003 , Jiang et al. 2003b , Laine et al. 2004 ). But can a single model account for all of the experimental evidence? Several recent reviews have re-examined the new evidence and earlier findings (Ahern & Horn 2004b , Bezanilla 2005 , Cohen et al. 2003 , Horn 2005 , Swartz 2004 ) without arriving at a unified model. Since the appearance of these reviews, there have emerged significant new data, including a crystal structure of the full-length Kv1.2 channel that is largely compatible with functional probing analyses (Long et al. 2005a ), a series of functional studies that significantly expanded earlier measurements of S4 transmembrane motion in eukaryotic Kv channels (Chanda et al. 2005 , Phillips et al. 2005 , Posson et al. 2005 and in the bacterial KvAP channel (Ruta et al. 2005) , and a novel measure of the distance traveled by the Shaker first S4 arginine across the membrane electric field (Ahern & Horn 2005) . The new data still challenge efforts at reconciliation, and the authors of the studies favor radically divergent views of S4 motion, ranging from ∼2Å to as much as 20Å. However, the actual measurements may not be as incompatible as they first appear.
Selvin and colleagues (Posson et al. 2005 ) and Bezanilla and colleagues (Chanda et al. 2005 ) used FRET to assay the transmembrane distance traveled by the Shaker S4 during activation. Selvin and colleagues used FRET between a donor fluorophore attached to one of a number of single cysteines in S4 and an acceptor on the "back" of a pore-blocking peptide toxin. They estimated a small change in distance between S4 and the toxin and deduced from this that if S4 moved in a pure perpendicular motion, it could move by no more than ∼2Å. Bezanilla and colleagues also placed a donor on S4 and used as an acceptor dipicrylamine (DPA), a lipid-soluble organic anion that localizes in the lipid and shuttles between the polar headgroups of the inner and outer leaflets. Although their study was qualitative, their measurements indicated that a pure perpendicular motion would have to be small.
MacKinnon and colleagues (Ruta et al. 2005) deduced the extent of KvAP paddle (S3b/S4) movement across the membrane by assaying the accessibility to avidin of biotin attached to different positions in the paddle. When attachment was via a linker length of 17Å, biotin anywhere on S4 could be grabbed from either side of the membrane by avidin. The voltage dependence of the accessibility was not systematically examined, so the exposure could not be directly associated with state-dependent conformation. But in transiting from resting to activated conformations, S4 exposed the biotin, at some point, to avidin in the solution on both sides of the membrane. Unlike what was seen with S4, sites in the pore domain could only be reached by avidin from one side of the membrane. The motion of S3b was intermediate, between that of S4 and the pore domain. This suggests that S4 shuttles through the span of the membrane by 15-20Å, changing tilt angle in such a way that S3b moves less, whereas the pore-domain protein stands still.
Swartz and colleagues (Phillips et al. 2005 ) used the peptide hanatoxin to track the movement of the Kv2.1 voltage sensor during activation. This tarantula toxin inhibits Kv channels by binding to their voltage sensors, mainly to S3, and stabilizing the resting conformation (Lee et al. 2003 ). Swartz and colleagues showed that after partitioning into the membrane, hanatoxin binds tightly to the voltage-sensor paddle and follows it in its transmembrane movement. They added the toxin to membranes containing brominated lipids with bromine attached to different positions of the lipid hydrocarbon tails. By quenching the fluorescence from the toxin tryptophan with bromine situated at different depths in the lipid, they determined that the toxin penetrates no deeper than ∼8Å from the outer surface of the membrane. This means that the distance between the top of the Kv2.1 voltage-sensor paddle and the membrane surface cannot be larger than 8Å. Ahern & Horn (2005) used an original approach to determine the distance traveled by S4 across the membrane electric field during activation. They reduced the gating charge moved by the Shaker voltage sensor by substitution of the first S4 arginine with cysteine (R1C). They then measured the amount of gating charge restored by modification of the R1C channels with cysteine-reactive probes bearing a positively charged group at the end of hydrocarbon linkers of varying lengths. The shorter the linker, the deeper the charge moved with S4 into the electric field. These investigators found that an increase in linker length of 4Å eliminated the contribution to gating charge. They thus suggested that this is enough to stick the charge permanently out of the electric field and argued that the depth of the electric field between the outside and the location of R1 at rest is ∼4Å.
The ∼8Å maximal extent of voltagesensor movement across the membrane determined by Swartz and colleagues (Phillips et al. 2005) and Ahern & Horn's (2005) ∼4Å estimate for the motion of R1 across the electric field can be compatible with both the small transmembrane movement measured by Selvin, Bezanilla, and colleagues and the larger movement measured by MacKinnon and colleagues, as discussed elsewhere (Tombola et al 2005a) . But how can the ∼2Å transmembrane motion obtained by energy transfer measurements in Shaker be reconciled with the 15-20Å motion determined by biotin accessibility in KvAP? In one possibility, the bacterial channel may undergo a movement more extreme than does its eukaryotic cousin, as suggested by a recent modeling study based on the structures of Kv1.2 and KvAP (Yarov-Yarovoy et al. 2006) . KvAP does differ in several respects from the eukaryotic channels ( Jiang et al. 2003a; Long et al. 2005a ): (a) The KvAP S3 is broken into two helices, whereas in Kv1.2 it is one continuous helix; (b) the secondary structure of S4 differs between the channels; (c) the regular interval of S4 arginines found in the eukaryotic channels is disrupted after R4 in KvAP; and (d ) the activation gate opens at the glycine hinge in KvAP, whereas it opens at the PXP motif in Shaker-like eukaryotic channels. Alternatively, if the voltage sensor were a flexible structural element, as its strong mobility (Ruta et al. 2005 , Lee et al. 2005 ) may suggest, the conflicting results on the extent of its transmembrane motion could be accounted for in another way (Figure 5) . A flexible voltage sensor might fluctuate between different z-axis positions in the membrane. It could spend most of its time in a preferred (most stable) conformation but from time to time visit one of a broad set of less stable positions. Figure 5a shows a simple view of such a broad distribution in the z-position at negative voltage (bell-shaped surface). When the membrane is depolarized to open the channel (Figure 5a, right panel) , the average position of the voltage sensor and the peak of the distribution shift toward the extracellular side of the membrane (z = 0). How would such distributions in S4 position look to the FRET and tethered biotin accessibility studies?
In the FRET experiments, all the conformations of the voltage sensor within the distribution of positions contribute to the energy transfer between donor and acceptor, and the FRET reflects a weighted average of all of the distances: (a) The conformational states at the peak of the distribution contribute to the average more than do the conformations at the edges, which are visited less often, and (b) the states with z close to zero contribute more energy transfer, and thus weigh more heavily in the average, than do states with a large z (green gradients on gray distributions in Figure 5a ). This uneven weighing causes some underestimation of the distance. In Figure 5a the distribution resulting from overweighting conformations with small z is represented as a dotted gray line. The extent of underestimation depends on the exact shape of the distribution, on the donoracceptor distance, and on the R 0 (Förster radius) for the donor-acceptor pair. On the other hand, the tethered biotin accessibility measurements have the opposite tendency, i.e., that of overestimating the distance traveled by the voltage sensor. The expectations are that in the activated state, biotin attached to S4 is more accessible to avidin on the outside of the membrane and that the cysteine attachment positions closer to the Nterminal end of S4 spend a larger fraction of the time with the biotin exposed to the avidin and thus have a faster binding reaction. Thus, to gauge the degree of voltage-dependent biotin exposure, it is necessary to compare the binding rates of the tethered biotin in the activated and resting states. This is also how one measures voltage-dependent cysteine accessibility to water-soluble thiol reagents. Alternatively, the binding assay can be used to provide a binary outcome of accessibility or inaccessibility of the tethered biotin to avidin (Ruta et al. 2005) . In this case, binding rates are not measured, and it is not possible to gauge how exposed the biotin is at each site. Instead, it is possible to say only whether biotin is ever exposed during the course of the experiment. This implies that not only sites close to the membrane edge can have binding; so can deep sites from where the biotin only occasionally pokes out of the membrane but which, once bound, is not released by the tightly binding avidin during the experiment. If one gauges position in the z-axis, based on the deepest sites from where the biotin can reach the avidin, then one is biased toward the far edge of the distribution (red and blue circles in Figure 5b ) and thus infers an overestimated transmembrane motion.
Thus, if S4 really does fluctuate in a broad distribution of z-positions, then its voltagesensing motion between its most stable resting and activated positions may be larger than the ∼2Å calculated by FRET and shorter than the ∼20Å deduced from the binary tethered biotin accessibility assay.
VOLTAGE-GATED CHANNELS HAVE FOUR ADDITIONAL PORES
A major challenge in the design of a voltage sensor is how to allow S4 arginines to traverse the membrane rapidly but to do so in a selective manner that prevents leakage through the arginine permeation pathway of solution ions. Bezanilla and colleagues (Starace et al. 1997) found that the VSDs of Shaker channels in which the second or third S4 arginine is substituted with histidine behave as proton transporters, shuttling protons across the membrane every time the VSDs transition between the resting and activated conformations. They also found that changing R4 to histidine creates a proton pore in the VSD in the activated state, whereas changing R1 to histidine creates a proton pore in the resting state (Starace & Bezanilla 2001 , 2004 hydrophilic pore fits well with the concept of a gating pore, a proteinaceous pathway in the span of the membrane through which S4 had been proposed to move during activation and deactivation to account for its voltagedependent changes in internal and external exposure (Goldstein 1996 , Larsson et al. 1996 , Yang et al. 1996 . The advent of the paddle model ( Jiang et al. 2003b) , which predicts that S4 is not enclosed in protein but instead faces lipid, however, posed a problem for the interpretation of the proton pores, leading to two possible explanations: Either (a) the protons moved through a small boundary layer of water (a water wire) lining the arginine face of S4 at the protein-lipid interface or (b) VSD architecture is different, and the S4 arginines actually face a polar protein pathway.
An ensuing study in Shaker tested these two possibilities by the substitution of R1 with smaller, uncharged residues (Tombola et al. 2005b) . If R1 pointed into the lipid, the hydrophobic substitution would be expected to disrupt a water-boundary layer. If, on the other hand, R1 pointed into a protein pathway, then reducing side-chain bulk would be expected to increase conductance and perhaps let larger ions through. Indeed, substitution of R1 with Ala, Ser, Cys, or Val led to a cationselective current, referred to as omega current to distinguish it from the potassium alpha current flowing through the pore domain (Figure 6a , Tombola et al. 2005b ). The current was larger for the polar (Ser) and smaller side chains (Ala), but substitution with His did not permit metal ions to pass. Omega current flowed only in the resting state (Figure 6d ), when the R1 position is deep in the span of the membrane (Baker et al. 1998 , Larsson et al. 1996 , Wang et al. 1999 ). The omega pore was able to conduct ions up to the size of guanidinium, the positively charged group of the arginine side chain. The omega pore was therefore proposed to serve normally as the arginine-conducting pathway. As the guanidinium group of the arginine side chains permeates this pathway, one of them always occupies its narrowest part. This stabilizes S4 conformation (and is compatible with a ratcheting motion) and prevents flux by solution ions.
Catterall and colleagues found an omega current also in Nav1.2a with arginine mutations in the S4 of the second domain (Sokolov et al. 2005) . These researchers saw omega current in the resting conformation when both the first and second S4 arginines were substituted with glutamine (Figure 6b ). Mutating only R1 was not sufficient. The requirement for the paired substitutions suggests that, unlike in Shaker, at any given time at least two S4 arginines occlude the omega pore of the sodium channel. This is consistent with the fact that an omega current could be recorded from the sodium channel in the activated conformation when the mutated arginines were R2 and R3 instead of R1 and R2. The need of double-arginine substitution in the sodium channel as compared with single substitution in Shaker may indicate that the omega pore in Shaker is shorter than in Nav1.2a. Also possible is that the voltage-sensor movement differs to some extent in the two channels, so that in the resting state Shaker S4 places only its first arginine in the omega pore, whereas the Nav1.2a S4 places both R1 and R2.
Taken together, these findings show that voltage-gated channels have five pores: one selective pore in the center of the tetramer and four omega pores, one in each VSD. Although the gating pore was originally proposed to surround S4 completely (Figure 6c) , more recent studies have proposed that S4 can be exposed partially (Durell et al. 1998 , Elinder et al. 2001 , Li-Smerin et al. 2000 , Schonherr et al. 2002 or extensively (Cuello et al. 2004; Jiang et al. 2003b Jiang et al. , 2004 Lee et al. 2005; Lee & MacKinnon 2004; Ruta et al. 2005) to lipid. In the crystal structure of Kv1.2, a portion of the S4 helix faces lipid, but R3 and R4 face protein in the heart of the VSD (Figure 3 ) (Long et al. 2005a) , consistent with what is expected for the activated state of Shakerlike channels. The lipid exposure on one face of S4 and short length of interaction at the buried arginines may be essential for rapid (minimally hindered) transmembrane motion of the voltage sensor. Study of the relationship between (a) the omega pathway of Shaker and Nav1.2a and (b) the proton pathway in the recently discovered voltage-gated proton channels containing a VSD but lacking the pore domain (Ramsey et al. 2006 , Sasaki et al. 2006 ) is likely to provide important clues about the conformational changes occurring in the VSD during voltage sensing.
CREVICES WITHIN THE VSD AND FOCUSING OF THE MEMBRANE ELECTRIC FIELD
Several pieces of evidence suggest that the S4 helix in the VSD is surrounded by waterfilled crevices/vestibules on both sides of the membrane. Accessibility studies with small, charged, cysteine-reactive probes that can fit in polar crevices showed that a large portion of S4 is in contact with either the extracellular or the intracellular solutions; only a ten-residue stretch of the helix is inaccessible (Baker et al. 1998 , Larsson et al. 1996 , Wang et al. 1999 , Yang et al. 1996 , Yusaf et al. 1996 . A stretch of ten consecutive residues in an α-helix corresponds to approximately 13Å in the transmembrane direction (z) if the helix is placed perpendicularly to the membrane plane (Figure 6e) . This stretch corresponds to a shorter distance if the helix is tilted, as it appears to be in the Kv1.2 crystal structure (Long et al. 2005a) . Islas & Sigworth (2001) studied how the reduction of ionic strength of the intracellular or extracellular solutions affects the gating charge moved by S4 in the Shaker channel. Their data and continuum electrostatic calculations are consistent with the presence of solvent-accessible vestibules in the VSD. They proposed that the vestibules on the two www.annualreviews.org • Voltage-Induced Channel Activationsides of the membrane are separated by a thin septum of 3-7Å and that the intracellular vestibule is much deeper than the extracellular one. The septum separating the two vestibules, or crevices, may well be the location where the omega/proton pore resides. Because their calculations of the septum thickness depended on the dielectric constant of the surrounding protein, and the dielectric constant may be higher than adopted in their model, given the charged residues in S2 and S3 that face the buried arginines in Kv1.2, the estimate of the septum thickness may need to be revised upward.
The presence of crevices in the VSD has important consequences for the mechanism of voltage sensing. These crevices reduce the distance across which the membrane potential drops on S4. The shorter the distance, the stronger the local electric field becomes in the S4 region connecting the crevices. Like lenses focusing light on an object, the crevices focus the electric field on S4, which needs to travel a shorter distance across the membrane to move the same amount of gating charge across the field. Asamoah et al. (2003) , using a fluorometric technique, attempted to analyze the electric field profile within the Shaker protein and obtained data consistent with electric field focusing on S4. More recently, Ahern & Horn (2005) estimated that the distance over which the electric field is focused in the Shaker VSD is 4-8Å, a distance similar to that deduced by Islas & Sigworth (2001) for the septum separating internal and external VSD vestibules.
Data from molecular dynamics simulations of a model peptide resembling S4 immersed in a lipid membrane suggest that a proteinaceous environment is not absolutely required to form polar crevices around S4 (Freites et al. 2005) . In the proximity of the charged helix, the lipid bilayer can be distorted enough to allow lipid phosphate groups to salt bridge the S4 arginine residues and allow water to penetrate partially in the membrane span. However, crevices that are so narrow (only a fewÅs wide) are not likely to significantly bend the electric field lines and focus the field on S4. Continuum electrostatic calculations suggest that they need to be as large as 10-20Å (Chanda et al. 2005 , Grabe et al. 2004 , Islas & Sigworth 2001 .
COUPLING OF VOLTAGE SENSING TO GATING
We now have some understanding of the molecular identity and physical mechanism of gating (see The Activation Gate, above) and of the mechanism of voltage sensing (see Models of Voltage Sensing, above), but we still do not understand how motion of the voltage sensor opens the gate. The coupling between the voltage sensor and gate may be allosteric (i.e., the activated conformation of the voltage sensor stabilizes the open state of the gate) or obligatory (i.e., the gate cannot open unless the voltage sensor is in the activated conformation). It is important to appreciate the difference between these two models because they would require different mechanical connections between the voltage sensor and gate. Moreover, an allosteric scheme of coupling would lend the channel to spontaneous openings even at very negative potentials, i.e., voltage-independent openings, but an obligatory model would not. Islas & Sigworth (1999) determined the probability of spontaneous openings, using the limiting slope method (Almers 1978) in combination with recent advances in measurements of very small open probabilities at negative voltages (Hirschberg et al. 1995) and in estimation of charge movement per channel from gating current measurements (Sigg & Bezanilla 1997) . They found that the probability for voltage-independent openings is negligible (<10 −9 ), indicating that the channel's gate is very tightly coupled to gating charge movement and supporting an obligatory coupling mechanism. Studies on sodium channels found a similar low probability of <10 −7 (Hirschberg et al. 1995) . What parts of the channel are involved in this coupling? Several studies on Shaker and related channels suggest that the S4-S5 linker is involved (Caprini et al. 2005; Chen et al. 2001; Decher et al. 2004; Isacoff et al. 1991; Lu et al. 2001 Lu et al. , 2002 McCormack et al. 1991; Sanguinetti & Xu 1999; Slesinger et al. 1993; Tristani-Firouzi et al. 2001) . Isacoff et al. (1991) found that mutations at five highly conserved residues on the S4-S5 linker affect the single channel conductance and/or stability of the ball-inactivated state in full-length Shaker channels, suggesting that this part of the channel lies near the permeation pathway for ions and serves as a receptor for the inactivating ball, which had been proposed to be associated with the activation gate . Moreover, single amino acid substitutions at several uncharged residues in the S4-S5 linker result in a big shift in the conductancevoltage (G-V) relationship of the channel even for substitutions as conservative as that of a leucine to valine (McCormack et al. 1991) . Several of the high-impact leucines are spaced at intervals consistent with a leucine heptad repeat, suggesting that this motif is important for coupling (McCormack et al. 1991) . A well-known leucine mutant in this category, the so-called V2 mutation (L382V in Shaker) (McCormack et al. 1991) , alters a late cooperative transition in the activation pathway in which voltage sensing and gating both occur (Schoppa et al. 1992 , Schoppa & Sigworth 1998b .
Mutations at the internal end of the Shaker S6 also reveal a role of this region in coupling. Mutations at F484 in Shaker show a large negative shift in the gating charge-voltage (Q-V) relationship and faster gating current on repolarization, suggesting that they reduce the "load" on S4 and allow it to move more freely (Ding & Horn 2002 . Studies on a HCN channel showed a similar disruption of gating with mutations of charged residues in the S4-S5 linker or in a region downstream of the S6 segment that connects the channel to a nucleotide-binding domain , Sanguinetti & Xu 1999 . Taken together, these studies about Shaker and HCN channels suggest that the S4-S5 linker and the HCN channels: hyperpolarizationactivated cyclic-nucleotidegated potassium channels NaChBac: one-domain, voltage-gated sodium channel from Bacillus halodurans internal end of S6 interact in a manner important for coupling.
In agreement with the above analyses, two extensive studies by Lu & colleagues (Lu et al. 2001 (Lu et al. , 2002 involving the Shaker, KcsA, and Kv2.1 channels demonstrate that a series of residues in the S4-S5 linker and the C-terminal end of S6 are jointly required for voltage gating. Chimeric channels in which these portions of the channel come from different channels do not show any voltage dependence to gating, but voltage-dependent gating is preserved when these two parts come from the same channel. The crystal structure of Kv1.2 demonstrates this interaction beautifully (Figure 7a) . The distal end of the S4-S5 linker comes close to the internal end of S6 below the PVP motif, with extensive contacts between side chains of the two regions. The static picture of what is likely to be the activated conformation suggests that to close the channel's gate, the S4-S5 linker would have to move inward, clamping shut the S6 gate (Long et al. 2005b ). This model is consistent with an obligatory mechanism of coupling. Coupling could be disrupted if the angle at which the S6 gate bends opened changes, for example, owing to a mutation in the PVP region. Some mutations in the S6 region-such as P475D and P475Q (which alter the second P of the PVP motif) in Shaker (Sukhareva et al. 2003) , which render the channel almost completely constitutively conducting, and L226P in the NaChBac channel (Zhao et al. 2004) , which converts this depolarization-activated channel into a hyperpolarization-activated channel-may exert their effect by altering or eliminating this coupling.
As discussed above, the S4-S5 linker and the C-terminal end of S6 are critical for coupling. In addition, studies on a mutant of the Shaker channel, the ILT channel (Ledwell & Aldrich 1999 , Smith-Maxwell et al. 1998b , show that a motion of S4 distinct from its voltage-sensing motion is associated with the final opening step (Pathak et al. 2005) , suggesting that S4 itself plays a role in coupling voltage sensing with gating. The ILT channel has three conservative substitutions at uncharged residues in the Shaker S4 (V369I, I372L, S376T), which isolate the final opening step without altering the molecular mechanisms of channel activation (Ledwell & Aldrich 1999 , Pathak et al. 2005 , Webster et al. 2004 . Gating current measurements show a small charge movement associated with the final opening step (Ledwell & Aldrich 1999 , Smith-Maxwell et al. 1998b , and fluorescence measurements from the outer end of the ILT S4 show that S4 movement is associated with this step (Pathak et al. 2005) . S4 thus appears to have two distinct phases of motion: the voltage-sensing motion (discussed above; see Models of Voltage Sensing) and an additional motion termed the gating motion. This gating motion of S4 carries little charge and unlike the voltage-sensing motion of S4 is highly cooperative between the four S4s and can drive the conformational changes in the coupling machinery that open the channel's gate. Immediately below we discuss further the role of cooperativity in channel opening.
WORKING TOGETHER TO OPEN THE GATE
How do four separate voltage sensors together control the conformation of the channel's gate? The VSDs are not in direct contact with one another, so they could, in principle, operate independently. However, evidence for cooperativity comes from studies of potassium channels in which kinetics and steady-state behavior of wild-type Hoshi et al. 1994; Schoppa & Sigworth 1998a,c; Sigworth 1994; Stefani et al. 1994; Zagotta et al. 1994a,b) , mutant (Kanevsky & Aldrich 1999; McCormack et al. 1991; Schoppa et al. 1992; Schoppa & Sigworth 1998b,c) , chimeric (Ledwell & Aldrich 1999; Shieh et al. 1997; Smith-Maxwell et al. 1998a,b) , and heterotetrameric (Hurst et al. 1992 , Tytgat & Hess 1992 ) channels were measured, and kinetic models developed, to simulate this behavior (for a detailed discussion, see review by Fedida & Hesketh 2001) . Although the details of the channels and kinetic models of the studies differ, a common feature of all the models is that some form of cooperativity was needed to account for the experimental data. The generally accepted idea now is that activation involves multistep movement of the voltage sensors. The early steps, which carry the majority of the charge, occur in a manner that is mostly independent in the four subunits, and the late steps, which have smaller voltage dependence, are highly cooperative (Schoppa & Sigworth 1998c , Zagotta et al. 1994a .
What is the molecular basis of the cooperative interactions in the channel? Mutations that disrupt the cooperative steps in channel activation carry some clues. The L382V mutation in the S4-S5 linker discussed above (see Coupling of Voltage Sensing to Gating) and the F401I mutation in S5 that is responsible for the Sh5 phenotype (Gautam & Tanouye 1990 , Kanevsky & Aldrich 1999 , Lichtinghagen et al. 1990 ) both seem to reduce the cooperative stabilization of the open state without altering either the total charge moved by the channel or the voltage dependence of the early transitions. Their effects can be explained by altering the final opening transition(s) (Kanevsky & Aldrich 1999 , Schoppa & Sigworth 1998c , suggesting that these residues are involved in important interactions in the open state. The ILT mutations seem to exert their effect differently and appear to stabilize a state close to, but distinct from, the open state, so that entry into the resting state requires a stronger negative voltage and the cooperative motion of S4 that opens the gate requires stronger depolarization (Ledwell & Aldrich 1999 , Pathak et al. 2005 . The effect of the ILT mutations was proposed to be due to interactions between a hydrophobic face of S4 and the neighboring subunit's S5 (Pathak et al. 2005) . This idea is supported by functional evidence that the outer ends of S4 and a neighboring subunit's S5 are close to each other in the open state of the wild-type channel (Laine et al. 2003) ; this is consistent with the crystal structure of Kv1.2 (Long et al. 2005a) (Figure 7b) . These "daisy-chain interactions" between the S4 of one subunit and the S5 of its neighbor may be Sh5: a mutant Shaker allele that induces the fly nerve to fire rapid bursts of action potentials as important to cooperativity as the interaction between the S4-S5 linker and S6 is to coupling. Further molecular details of how cooperativity is generated remain to be worked out, but with increasing structural information and a wealth of mutagenesis data, we should see answers coming in over the next few years.
LIPID: THE MISSING PLAYER?
A quite remarkable feature of the Kv1.2 structure is that the perimeter of the channel protein is very uneven and presents deep grooves at the four edges of the channel (Figure 8) . The four VSDs, positioned at the corners of the square-shaped pore domain, protrude laterally in the membrane, creating hydrophobic grooves that are expected to fill with lipid. The way the lipid is packed in the grooves Figure 8 Surface representation of the Kv1.2 channel surrounded by lipid (top view, extracellular perspective). Each of the four subunits is shown in a different color. White dotted lines encircle Kv1.2 positions S392 and A395 in each subunit. The effect of bupivacaine on Kv channels is altered by mutations at these positions (Nilsson et al. 2003) . The yellow dots indicate position K388 in each subunit. See explanation in text. The S2 region in each subunit proposed to be exposed to lipid by Monks et al. (1999) is colored gray. Blue triangles point to the approximate location of the binding site for hanatoxin.
www.annualreviews.org • Voltage-Induced Channel Activationmay be different from the way it is packed in the rest of the membrane, and it may be in slow exchange with the bulk. This may have important consequences for the regulation of Kv channels by lipid and lipidsoluble factors. Several lipophilic compounds are known to modulate the activity of Kv channels. For example, phosphatidylinositol-4,5-bisphosphate (PIP 2 ) has been shown to act as a docking platform for the N-terminal "ball" domain of fast-inactivating Kv channels (Oliver et al. 2004) . PIP 2 on the membrane's intracellular leaflet sequesters the ball domain and inhibits fast inactivation. It had been a mystery how this worked. Does the ball dangle on a chain that is long enough for it to reach the lipid? The N-terminal balls of the four subunits are believed to reach their binding site in the intracellular mouth of the pore through four lateral windows located in the "hanging gondola" between the channel transmembrane region and the tetramerization domain; the same windows allow potassium ions to access the channel pore from the intracellular side. For ball inactivation (block of internal mouth of the pore) to occur within one or two milliseconds, the ball cannot wander far from the mouth of the channel, and yet for PIP 2 modulation it also would have to be near the lipid. It turns out that these two requirements are not mutually exclusive. The lateral grooves (and lipid) in the transmembrane region of Kv1.2 are positioned right above the lateral windows (Figure 8 , red arrows).
Nav and Kv channels are inhibited by local anesthetics (Hille 2001). Lipophilic local anesthetics, such as lidocaine and bupivacaine, can reach the pore domain after partitioning into the membrane. The location of two residues on the pore domain that have been proposed to modulate binding of bupivacaine to Kv channels (Nilsson et al. 2003 ) is shown in Figure 8 (white dotted line). This location can be reached from the lipid only through the lateral grooves in the channel protein. Some Kv channels are inhibited by polyunsaturated fatty acids and anandamide (e.g., Honore et al.
1994, Oliver et al. 2004 , Villarroel & Schwarz 1996 , but at present the mechanism of action of these molecules on Kv channels is not understood.
The KcsA channel can be cocrystallized with four negatively charged lipid molecules, one bound to each subunit (Valiyaveetil et al. 2002) . Negatively charged lipids have been shown to be important for channel function in KcsA (Heginbotham et al. 1998 , Valiyaveetil et al. 2002 . Although the presence in Kv1.2 of a binding site for lipid similar to that found in KcsA has not been yet investigated, of interest is that the location of the homologous binding site would be deep in the Kv1.2 lateral groove (Figure 8, yellow dots) .
Gating modifiers like the peptide hanatoxin bind to the voltage sensor of Kv channels after partitioning into the membrane (Lee & MacKinnon 2004 , Phillips et al. 2005 . The blue triangles in Figure 8 point to the approximate location of the hanatoxin-binding sites (Swartz & MacKinnon 1997) . Concentrations of toxin in the 100 nM range effectively inhibit the Kv2.1 channel, suggesting strong binding (Lee et al. 2003 , Phillips et al. 2005 , Swartz & MacKinnon 1997 and an extensive interacting surface between channel and toxin. However, only a few residues in the channel have been identified as making contact with hanatoxin (Swartz & MacKinnon 1997) . To explain this apparent paradox, the toxin has been proposed to concentrate in the lipid membrane (Lee & MacKinnon 2004 , Phillips et al. 2005 . The binding to the channel may be weaker than is indicated by the apparent dissociation constant, and still the fraction of channels bound to the toxin may be high because of the high concentration of toxin in the lipid. Nevertheless, in a recent study Swartz and colleagues showed that the low value of the hanatoxin K d is primarily due to strong protein binding, not to preconcentration in the membrane (Phillips et al. 2005) , so the puzzle of strong binding despite the few channel-toxin contacts remains. An intriguing explanation may be that hanatoxin may not recognize the channel by itself but rather a combination of channel and ordered lipid that is clustered at the channel's periphery. Thus, the lipid clusters or patches may provide an extra interacting surface for the binding. The channel's lateral grooves may be ideal places to accommodate such lipid clusters.
The finding that KvAP assumes a nonnative conformation when it is removed from the lipid membrane (Cuello et al. 2004 , Jiang et al. 2003a , Lee et al. 2005 highlights the importance of the lipid in holding the different domains of the channel together. Although much still needs to be learned about the interactions between voltage-gated channels and lipid, especially where the S4 helix is concerned, such interactions are likely to play an important role in the modulation of channel activity.
SUMMARY POINTS
1. The activation gate of voltage-gated ion channels is created by the four S6 helices (transmembrane segments 2 in 2 TM channels) of the pore domain. A PVP motif in S6 is the hinge of the activation gate in Shaker and related eukaryotic Kv channels. In bacterial Kvs, in which the PVP motif is absent, the gating hinge is at a conserved glycine.
2. In the Kv1.2 structure, the four VSDs are positioned at the corners of the squareshaped pore domain. S4 interacts on one side with S5 in the pore domain, is exposed to lipid on its second side, and on its third side faces into the heart of the VSD.
3. Water-filled vestibules in the VSD focus the membrane electric field on the S4 arginines. The arginines move across pores connecting internal and external VSD vestibules. When an arginine is shortened by mutation, the pathway that normally conducts its guanadinium group can conduct solution ions.
4. There are three major conceptual models of voltage sensing: the transporter model, the helical screw model, and the paddle model. They differ in the extent and nature of S4 transmembrane movement and in terms of whether the S4 arginines are exposed to the lipid hydrophobic core.
5. The S4-S5 linker and C-terminal end of S6 in the same subunit are important for coupling voltage sensing to gating. The crystal structure of Kv1.2 shows that side chains of these regions form extensive contacts with each other.
6. The S4 of one subunit contacts the S5 of the adjacent subunit in the crystal structure of Kv1.2. These intersubunit contacts may mediate known cooperative interactions in the channel.
7. The irregularity of the perimeter of Kv1.2 exposure to lipid poses interesting questions about the organization of the lipid around the channel protein.
FUTURE ISSUES
1. The conformation of the VSD in the resting state remains to be determined.
2. There remains a discrepancy between the apparently small voltage-sensor movement of eukaryotic Kv channels and the apparently large movement measured in KvAP. Two possible reconciliations are suggested, but new experiments will be required to resolve the question.
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3. There still remains a need for molecular analysis to explain how voltage-sensor motion is coupled to the motion of the channel gates and how cooperative interactions between subunits are mediated.
4. A better understanding of the interactions between channel protein and membrane lipid, both in terms of stabilization of the channel structure and in terms of regulation of channel activity, is required.
